The aim of the paper is to study spatial and temporal changes in the magnitude, duration and frequency of high flows in the Danube basin. A hydrological series of the mean daily discharges from 20 gauging stations (operated minimally since 1930) were used for the analysis of changes in the daily discharges. The high flow events were classified into three classes: high flow pulses, small floods, and large floods. For each year and for each class, the means of the peak discharges, the number and duration of events, and the rate of changes of the rising and falling limbs of the waves were determined. The long-term trends of the annual time series obtained were analyzed and statistically evaluated.
INTRODUCTION
Destructive and costly floods occur very often in Europe; thus, the need for hydrological research continues. In recent years, considerable attention has been devoted to the detection and analysis of changes in such flood characteristics as annual maximum flows, maximum water stages, and flood frequencies. Beurton and Thieken (2009) investigated the seasonal distribution of annual maximum floods at 481 gauge stations across Germany and created a map with three regions that represented homogeneous flood regimes. Petrow and Merz (2009) detected spatially and seasonally coherent changes in the maximum flood flows across Germany between 1951 and 2002 and argued that these spatially homogeneous and large-scale responses may be caused by large-scale drivers such as climate variability. Vorogushyn and Merz (2013) investigated the role of river training in changes in the annual maximum daily flows at Rhine gauges. In particular, the effects of the Rhine weir cascade and a series of detection basins were investigated. In this work, a unique set of homogenisation relationships was compiled for eight gauges along the Rhine. They were applied to the original discharge records to produce a homogenised series of maximum annual flows that would occur if the construction of the Rhine weir cascade and the series of detention basins had not taken place between 1955 and 2009. Based on the comparison between the original and homogenised flood time series, it is possible to single out the effect of river training on flood trends. The work showed that the significant positive trends detected in the historical flood records at the eight gauges along the Rhine were seriously contaminated by a signal attributable to the river training measures. According to Merz et al. (2014) , the analysis would perhaps have moved from the annual maximum or peak-over-threshold floods to looking at extreme floods in terms of their discharges, volumes and durations as well as their space and time structures over a season, a decade, or longer. The volume and duration of flooding are directly tied to inundation characteristics; hence, they represent how the strength and recurrence characteristics of large-scale atmospheric fluxes (that bring moisture into a region) interact with a catchment's hydrological processes.
Several studies that have considered changes in flood records on larger and trans-national scales exist; they include the Nordic countries, Central Europe, the Baltic States, and North America (Blöschl et al., 2012; Kundzewicz et al., 2012; Lindström and Bergström, 2004, etc.) . A synthesis of these studies (Hall et al., 2014) , does not, however, indicate a clear and consistent pattern across Europe.
An alternative to assessments of flood regime changes based on trend analyses of annual maximum discharges is an assessment of characteristics that describe the intra and inter-annual variability in water flow conditions (including the magnitude, frequency, duration, timing and rate of change). Mathews and Richter (2007) analysed the ''environmental flow components'' that characterize a hydrograph in a manner that is representative of key flow-ecology relationships. Gao et al. (2009) developed a small set of independent and representative hydrological indicators that can characterize hydrological alterations caused by reservoirs and other forms of river regulation. The results revealed that the recently introduced metrics known as "ecodeficits" and "eco-surpluses" can provide a good overall representation of the degree of alteration of a streamflow time series. Pyron and Neumann (2008) examined flow alterations in a single watershed, i.e., the Wabash River, and suggested their potential impact on aquatic assemblages. They show that the changes in a flood regime are related to the size of the basins and anthropogenic activities such as reservoir operations and agricultural practices.
The pulsing of the river discharge -the flood pulse -is the major force controlling biota in river floodplains (Junk et al., 1989) . For example, the migration of particular fish coincide with spring and summer Danube floods. According to Holčík (2003) , the optimal situation should be that both floods cover the entire floodplain. The commencement, culmination, and fading away of floods should simulate the situation which existed before the construction of river dikes. To protect the diversity of fauna and flora, it is important to preserve the natural course of the filling and subsequent draining of a flooded area.
The objective of this study is to evaluate alternative characteristics for describing flood regime changes along the Danube River. A continuous time series of daily discharges from twenty gauging stations along the Danube River were used. The longest records of the datasets provide a unique opportunity to study long-term trends in flood data and consequently detect largescale changes in the risk of flooding along the Danube River.
The Danube River is a significant international river, and all the changes in its runoff regimes are of very high economic and social importance for all the Danube countries. An assessment of the runoff changes along the whole river course provides us with a large-scale view of the similarity or variability of the runoff regimes.
MATERIALS

Study area
The Danube River Basin (DRB) covers a vast area of 817,000 km 2 (10% of the European continent), making it the second largest river basin in Europe after the Volga. It is also the basin that covers the greatest number of countries in the world. Some countries such as Austria, Hungary, Romania, Serbia and the Slovak Republic are almost completely situated within the DRB, whereas less than 5% of the territories of Albania, Italy, Macedonia, Montenegro, Poland and Switzerland lie in the basin.
The length of the Danube River is approximately 2,830 km. The river is formed in the Black Forest in Germany at the confluence of the Brigach and Breg streams. It discharges into the Black Sea via the Danube Delta, which lies in Romania and Ukraine. With a long-term annual average discharge of 6,500 m 3 s -1 , the Danube is the largest tributary of the Black Sea.
The ); iv. the Danube Delta at the Black Sea coast.
Due to its large area and diverse relief, the DRB has a varied climate and a multiplicity of habitats. Depending on the region, the mean annual precipitation totals range from less than 500 mm in the Danube Delta to more than 2,500 mm per year in the Alps, which strongly affect the runoff from the river basins and discharge levels in the streams (Petrovič et al., 2006) . Pekárová et al. (2008) and Pekárová (2009) analyzed the variability of the multiannual runoff in the Upper Danube region. In the Upper Danube basin, the runoff corresponds to the runoff regime of the Alpine tributaries, where the maximum occurs in June (when the snow and ice melting in the Alps region is the most intensive). In the Central Danube basin the high-flow period may last up to four months, with two runoff peaks in June and April. The April peak is local and is caused by the addition of waters from the melting snow on the plains and from the early spring rains in the lowlands and the low mountain areas. Due to its low precipitation totals and high summer temperatures, the Danube Delta area can be considered as a region with temperate climate zones with the character of a steppe (Wachter et al., 2005) . The regulation and excavation of a number of the canals of the Danube River branches had a very important impact on the hydrology and ecology of the Danube Delta before 1975. Engineering schemes to control the water flow in the Delta date from the second half of the 19 th century with river regulation in the Ukrainian and in Romanian sections.
Hydrological data
In this work we used mean daily discharge data from the database of the project "Flood regime of rivers in the Danube River Basin", which was developed within the Regional collaboration of the Danube countries of the International Hydrological Programme (IHP) of UNESCO (Pekárová, 2009; Pekárová et al., 2011 Pekárová et al., , 2014 . From the database of the mean daily discharges along the Danube River (24 water gauging stations -7 European countries), 20 gauging stations were chosen for the analysis of changes in the daily discharges (Fig. 1) . We selected the gauging stations with the longest daily discharge time series of observations.
In Table 1 , there is a list of the selected water gauge stations along the Danube with the altitude of the gauge zero [m a.s.l.] (recalculated into the Baltic system), the length of the periods analyzed, the long-term average annual discharge (Q a ), and the runoff depths (R a ) in the periods analyzed.
The time series of the daily data were checked for random errors in the first step at all the twenty stations along the Danube. In two stations a one-month gap in the series occurred in 1944. These data were completed by linear regression using the neighbouring stations.
METHODS
When analysing a hydrograph, it is possible to show the flow variations and identify the periods of high flows. We took into account all the flood events and not only the annual maximum floods. The high flows were separated from the daily hydrographs and were divided according to the method described by The Nature Conservancy (2009) into three groups: 1) high flow pulses (short-duration high flows within a stream channel that occur during or immediately following a storm event, including any rising water that did not overtop the river channel banks); 2) small floods (including all the rises in rivers that overtopped the main channel but did not include more extreme, and less frequent, floods); 3) large floods (floods that rearrange both the biological and physical structures of a river and its floodplain).
The scheme of the classification of the three high flow classes is shown in Fig. 2 . All the discharges that exceeded the 75 th percentile of the whole period were classified as high flows, and all the discharges that were below the 50 th percentile were classified as low flows. Between these two levels, a high flow began when the discharge increased by more than 25% per day and ended when the discharge decreased by less than 10% per day. A small flood event is defined as a high flow with a peak discharge greater than a 2-year return interval event, and a large flood event is defined as a high flow with a peak discharge greater than a 10-year return interval event. 
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The scheme of the hydrograph classification ("R.I." means "return interval") according to Hersh and Maidment (2006) . For a 10-year return interval, the 90 th percentile of all the annual maximum flood peaks was found, and for a 2-year return interval, the 50 th percentile was found. All the events with peaks greater than the discharge value that corresponds to the large flood return interval were classified as large floods, and all the events with peaks less than this value but greater than the discharge value that corresponds to the small flood return interval were classified as small floods. All the initial high flows not classified as small floods or large floods were classified as high flow pulses.
A more detailed description of the flow classifications is described in The Nature Conservancy (2009). The threshold values of the flows may be different at the individual stations along the Danube River, thus better reflecting the local conditions of the Danube riverbed. For comparison purposes, the same thresholds in all the stations were used in this study. The example for the Bratislava station is presented in Fig. 3 .
Based on the above-mentioned references and commonly used statistical methods of flow analysis, we analysed the following daily discharge time series characteristics (separately for the categories of high flow pulses, small floods and large floods): 1) Mean values of the peak discharge during events for each year; 2) Frequency of events during each year; 3) Duration of flow events (mean duration of events in days); 4) Changes in the rate of discharge (rising and falling rates: mean of all the positive/negative differences between the consecutive daily values).
For the calculation of the selected high flow indices, IHA software was used (The Nature Conservancy, 2009).
RESULTS
The analysis of the long-term trends of the five hydrological characteristics (peak discharges, number and duration of events, and the rising and falling rates of the waves) for the three categories (high flow pulse, small floods, and large floods) was done at all of the 20 stations along the Danube. The most interesting results are presented as a comparison of four stations: one in the upper (Hofkirchen), one in the central (Bratislava), and two in the lower Danube basin (Zimnicea and Reni). 1905 1915 1925 1935 1945 1955 1965 1975 1985 1995 At the Hofkirchen station the mean daily discharge of 786 m 3 s -1 was computed as the threshold for the peaks of the high flow events and corresponds to the 75 th percentile of the series. The events with maximum mean daily discharges between 1,825 m 3 s -1 and 2,545 m 3 s -1 were classified in the category of small floods. These thresholds correspond to 2-year and 10-year return periods, respectively. The events with maximum mean daily discharges higher than 2,545 m 3 s -1 were classified in the category of large floods. At the Bratislava station, the classification followed the threshold values of 2,539 m 3 s -1 (lower for high flows), 5,320 m 3 s -1 (upper for high flows and lower for small floods), and 8,239 m 3 s -1 (upper for small floods and lower for large floods). At the Zimnicea station the lower threshold for high flows was a daily discharge of 7,640 m 3 s -1 . The events with maximum mean daily discharges between 10,770 m 3 s -1 and 13,990 m 3 s -1 were classified in the category of small floods, and higher discharges were classified as large floods. At the Reni station the high flows were above 8,320 m 3 s -1 , and the events with maximum mean daily discharges between 11,350 m 3 s -1 and 13,700 m 3 s -1 were classified in the category of small floods. Large floods were above 13,700 m 3 s -1 . The mean annual minimum peak discharge thresholds in all the stations along the Danube River are listed in Table 2 .
The course of the computed characteristics at gauging stations along the Danube River (high flow category thresholds, means of high flow categories, mean duration, mean frequency, mean day of occurrence -timing, mean rise rate) is presented in Fig. 4 . Fig. 5 presents the magnitudes of the peak discharges in the high flow pulse category for every year at the four selected stations. The magnitude of the high flow pulses did not change significantly in the three upper stations, but we can observe the increase in the magnitude for this category at the Reni station. It should be considered whether this result is a consequence of the Danube river regulation. In the future, a detailed analysis and further discussions between hydrologists and water managers will be required. The duration and frequency of the high flow pulses (mean duration of events in days, number of events within each year) from the selected stations are given in Fig. 6 a, b . The mean of the duration of the high flow pulses in one year is 13.1 days at the Hofkirchen gauge, 16.0 days at the Bratislava station, 51.5 days at the Zimnicea station, and 67.7 days at the Reni station. The missing points in the downstream stations in column a) indicate that there was no high flow category event in a particular year as shown by the zero values in column b).
The duration of the high flow events (Fig. 6a) is increasing downstream of the Danube due to increasing mean discharges at the stations. Simultaneously, the number of events (Fig. 6b) in the category of high flows is decreasing with increasing discharges along the Danube River. The mean annual number of events in the high flow category is 7.3 at the Hofkirchen station, 6.7 at the Bratislava station, 1.54 at the Zimnicea station, and 0.85 at the Reni station.
We can also observe a trend in the changes in the durations of high flow pulses and in the frequency of their occurrence. The duration of the events in the high flow pulse category is decreasing at the Bratislava, Zimnicea, and Reni stations. At the Hofkirchen station a decrease is visible after 1985. Fig. 6b shows an increasing trend in the number of events in the high flow pulse category during the year. The increase in the mean rate of the changes in discharges per day during the rising and falling limbs of a flood wave is related to the increasing number of events in the high flow pulse category and the decreasing duration of such events. Fig. 7 shows the long-term trends in the changes in mean discharges per day of the high flow events during the rising limb (upper) and falling limb (bottom) of the waves at the Hofkirchen and Bratislava stations.
The results of the analysis of the trend of the five selected characteristics are summarized in Table 3 for the high flow pulse category at all the 20 stations and for the whole period of the observations. Table 3 shows that the duration of the events in the high flow pulse category is decreasing in 19 of the stations on the Danube. The decrease is significant at a significance level of 0.01 at the Linz, Vienna, Bratislava, and Orsova stations. The frequency of the high flows is increasing at all 20 stations. Also, the rising and falling rate of the high flow pulse category is increasing in a majority of the stations (rising rate at 14 stations and falling rate at 17 stations). This means that there are more high flow events, but their duration is shorter. This is valid for the upper, central, and lower Danube areas.
In a similar fashion we analysed the long-term trends of the five selected characteristics of the high flow events classified into the categories called "small floods" and "large floods". The results of the analysis for all the relevant gauging stations along the Danube River are summarized in Table 4 . In Fig 8 a, b only trends for the Bratislava station are presented as a typical example. The Bratislava discharge series are of a high quality, and the water levels have been available since 1823. We processed the mean daily discharges for the period 1876-1900 using the historic rating curve based on the first Danube discharge measurements in 1882-1903, which are available at the Bratislava profile (Pekárová et al., 2014) . No.
High1 freq Linear (High1 freq) As was mentioned above, events at the Bratislava station with maximum mean daily discharges between 5,320 m 3 s -1 and 8,239 m 3 s -1 were classified in the category of small floods, and events with maximum mean daily discharges higher than 8,239 m 3 s -1 were classified in the category of large floods. The mean durations of the small and large floods are 37.8 days and 52 days per year, respectively, at the Bratislava station. The missing points in Fig. 8 indicate that there was no small or large flood category event in a particular year.
The long-term trends in the selected characteristics of the small floods are very similar to the trends of the high flow pulses (Figs. 6 and 7 compared to Fig. 8a ). The magnitude of the small flood events is not changing significantly in Bratislava; the duration of small floods is decreasing; and their mean number per year is increasing. An increase in the rate of the changes in the discharges per day during the rising and falling limbs of a flood wave was observed in the small flood category as well.
The developments are different for the category of large floods. The first four characteristics do not show any significant changes in Bratislava; only a decrease in the rate of the changes in discharges per day during the falling limb of the flood waves is expressed. The results of the trend analysis of the five selected characteristics are summarized in Table 4 for the small flood and large flood category events at all 20 stations and for the whole period of the observations (according to Table 1 ).
In the categories of small and large floods, the significance of the long-term trends is lower, and the trends are not the same along the Danube River. In Bratislava the trend of the falling rate is decreasing (the negative numbers indicate an increase in the case of the falling rate), and it is the only station which shows such a tendency. Therefore, we proved this fact with another independent approach.
We processed flood waves of a 21-day duration for each maximum annual discharge Qmax. Fig. 9 shows the increase in the Qmax flood wave extremality at Bratislava. This figure shows 1915 1935 1955 1975 1995 2015 No. 1915 1935 1955 1975 1995 2015 No. (1876-1945 and 1946-2013) . It is obvious that the wave magnitudes (as well as the rising and falling rates) are higher in the recent period in the case of the 10 th and 50 th percentiles, but the volume of the waves is the same in both periods. In the case of the 99 th percentiles (large floods), there are no changes. While the high-flow events and small floods demonstrate a significant increase in the frequency of occurrences and the rising rate of the waves, in the case of large floods we have to be more cautious in our judgments. The number of floods with a return period above 10 years is too small, and one exceptional flood can markedly influence the trend. The upper Fig. 8b shows a very small change in the magnitude of the large floods (13 floods included). Therefore, it is more suitable to use the maximum annual discharge series Qmax for the analysis of the flood trends (138 years in the case of Bratislava). The maximum annual discharge Qmax at the Danube stations with the longest series of observations (Hofkirchen, Kienstock/Stein Krems, Bratislava and Orsova/Turnu Severin) and their longterm trends are shown in Fig. 10 . The increase in the magnitude of the floods is more significant.
DISCUSSION AND CONCLUSIONS
The Danube River basin, i.e., the main stream as well as its tributaries, is often examined with respect to extreme flooding (Bačová Mitková et al., 2015; Blöschl et al., 2013 Blöschl et al., , 2015 Brilly, 2010; Parajka et al., 2009 Parajka et al., , 2010 Pekárová et al., 2008 ). An investigation of the history of the frequency, severity, importance, and duration of the flood events for a region provides a greater understanding of the region's flood event characteristics and the probability of the recurrence of events. This type of information is beneficial in the development of protection and mitigation strategies and preparedness plans. Monitoring the flow of the Danube River has a long tradition, which gives us the opportunity to compare different extremes (floods as well as low flows) at different times. For example, Blöschl et al. (2013) riods above 50 years) did not change. Zsuffa (1999) statistically analysed the daily water level data from four gauging stations along the Hungarian Danube reach with the purpose of analysing the impact of the Austrian hydropower plants on the floods of the river. The conditional probability distribution functions of the annual flood load maxima and the annual number of floods were generated for the periods 1957-1976 and 1977-1996 . From the comparison, it could be seen that the flood load maxima has decreased, while the number of small and medium floods has increased during the 1977-1996 period.
Our study aimed at analysing flood regime changes along the Danube River (at 20 Danube gauging stations) during the whole observation period at each station. The findings of the study provide an insight into the changing runoff behaviour during long periods of observations. The analysis of the longterm trends of the five hydrological characteristics (peak discharges, number and duration of events, and rising and falling rates of the waves) for the three categories (high flow pulses, small floods, and large floods) in all the 20 stations along the Danube gave the same results, but from another point of view. Our study suggests that the selected flow characteristics of the Danube have changed (e.g., the duration of high flow pulses and small as well as large floods have decreased at almost all the stations; the rising and falling rates of the high flow pulses and small flood events have increased at all the stations). These results show that while the characteristics of the high flow pulses and small floods on the Danube have changed significantly, in the case of floods with a return period over 10 years, the changes in the statistical characteristics are not statistically significant. The reasons for the higher rising and falling rates of the flood waves are probably partially due to the training of the Danube channel, i.e., the construction of dams and a decrease in the inundation areas. High flow pulses (with a return period of less than 2 years) and small (with a return period between 2-10 years) flood waves are moving downstream with a much higher degree of celerity with decreasing travel times. In the case of extreme floods (with a return period above 10 years), the travel time is not significantly changing, as was mentioned above.
The operation of waterworks on the tributaries and the Danube itself as well as the increase in air temperatures has modified the mean monthly discharge regime of the Danube, i.e., increasing winter-spring discharges and decreasing summer discharges. The contribution of individual factors is not possible to determine by an analysis of only the discharge series. Changes in the precipitation regime may also be the cause of the increase, so it is also necessary to analyze the changes in the meteorological components, i.e., precipitation, air temperature and evapotranspiration. Blöschl et al. (2015) reviewed whether floods have changed in the past. In Europe, the magnitude and frequency of floods have indeed changed in a complex manner with alternating flood-rich and flood-poor periods. In some parts of Europe, the present time may be a flood-rich period. While increasing river flood runoff is a reality rather than a fiction at some locations, depending on their influencing factors (precipitation, temperature changes), in many regions the socioeconomic conditions have changed even more, resulting in increases in flood damage. According to the Blöschl et al. (2015) study, an integrated flood risk management approach is needed for dealing with future flood risks with a focus on reducing the vulnerability of the societal system.
It would be useful in further research to focus on an analysis of the flood regime changes in the individual seasons of the year. We could subsequently evaluate and describe flow events that occur at different times of the year in the same river basin that have a distinct origin (e.g., floods resulting from rain, rain on snow, and floods due to snowmelt).
